The mechanism of reduced sensitivity to the small isometric-headed bacteriophage skl encoded on a 19-kilobase (kb) HpaII fragment subcloned from pKR223 of Lactococcus lactis subsp. lactis KR2 was examined.
The mechanism of reduced sensitivity to the small isometric-headed bacteriophage skl encoded on a 19-kilobase (kb) HpaII fragment subcloned from pKR223 of Lactococcus lactis subsp. lactis KR2 was examined.
The reduced sensitivity to phage skl was due to a modest restriction/modification (R/M) system that was not active against prolate-headed phage c2. The genetic loci for the R/M system against skl and the abortive phage infection (Abi) mechanism effective against phage c2 were then localized by restriction mapping, subcloning, and deletion analysis. The restriction gene was localized to a region of a 2.7-kb EcoRV fragment and included an EcoRI site within that fragment. The modification gene was found to be physically separable from the restriction gene and was present on a 1.75-kb BstEII-XbaI fragment. The genetic locus for the Abi phenotype against phage c2 was localized to a region containing a 1.3-kb EcoRI fragment. Attempts to clone the c2 Abi mechanism independent of the skl R/M system were unsuccessful, suggesting that expression of the abi genes required sequences upstream of the modification gene. Some pGBK17 (vector pGB301 plus a 19-kb HpaII insert fragment) transformants exhibited the R/M system against phage skl but lost the Abi mechanism against phage c2. These transformants contained a 1.2-to 1.3-kb insertion in the Abi region. The data identified genetic loci on a cloned 19-kb HpaII fragment responsible for restriction activity and for modification activity against a small isometric-headed phage and for Abi activity against prolate-headed phage c2. A putative insertion element was also found to inactivate the abi gene(s).
Bacteriophage infection of lactococci used in milk fermentation processes is of major concern to the dairy fermentation industry (6) . The genetic determinants for resistance to these bacteriophages are often plasmid encoded (for recent reviews, see references 6, 17, and 30) . Recent studies have involved cloning and subcloning of these phage resistance genes in an attempt to localize and characterize them for subsequent strain improvement by recombinant DNA techniques (30) .
In a previous communication, a 36-kilobase (kb) plasmid (pKR223) from Lactococcus lactis subsp. lactis KR2 (previously designated Streptococcus lactis subsp. diacetylactis) was shown to encode a modest 20 to 90% reduction in efficiency of plating (EOP) of both small isometric-and prolate-headed bacteriophages when transferred to the plasmid-free derivative of L. lactis subsp. lactis C2, LM0230. The gene(s) responsible for this reduced phage sensitivity was localized on a 19-kb HpaII restriction fragment of pKR223 which was inserted into the HpaII site on streptococcal cloning vector pGB301. The resulting plasmid was designated pGBK17. With prolate-headed phage c2, the reduced sensitivity exhibited by pGBK17 included reduced burst size (46 PFU compared with 94 PFU for LM0230) and production of fewer infective centers (<10%) than with infections of LM0230. Thus, in the presence of pGBK17, phage c2 infection was reduced and the burst size of those phage that did infect was also smaller. The c2 plaques formed on pGBK17 were translucent, smaller, and more difficult to visualize than the clear plaques formed on LM0230. It was also concluded that pGBK17 did not encode a restriction/modification (R/M) system active against phage c2 and that the reduced phage sensitivity was due to an abortive phage infection (Abi+), as described for some other lactic streptococcal host systems (2, 18) . In contrast, the mechanism of reduced phage sensitivity exhibited by pGBK17 on the small isometric-headed phage skl was not examined other than to note that it appeared to be different from that of the prolate-headed phage and that clear rather than translucent plaques were formed.
The current study focused on locating the genetic loci on the 19-kb HpaII fragment of pKR223 which encode reduced sensitivity toward prolate-headed and small isometricheaded phages. By subcloning and deletion analysis, more than one genetic locus was shown to be involved in expressing the reduced phage sensitivity.
MATERIALS AND METHODS
Bacterial strains and plasmids. The L. lactis strains used in this study included LM0230, a plasmid-free derivative of L. lactis C2 (9); JK301, an LM0230 transformant harboring pGB301 (19) ; and GBK17, an LM0230 transformant containing a 19-kb fragment from pKR223 cloned into the HpaII site of pGB301 (21) . This plasmid containing the insert was designated pGBK17. The Escherichia coli strains used were HB101 (8) and DH5at (13) . Before use, the L. lactis strains were grown in M17 broth (33) containing 0.5% glucose GENETIC LOCI FOR REDUCED PHAGE SENSITIVITY ON pGBK17 2703 (M17-G), and E. coli was grown in LB broth (22) with shaking at 37°C. L. lactis strains containing pGB301 (3) or pSA3 (7) were grown in the presence of erythromycin (5 ,ug/ml). E. coli strains containing pSA3 were grown in the presence of tetracycline (12.5 ,ug/ml) or chloramphenicol (100 ,ug/ml).
Plasmid DNA isolation, restriction mapping, and agarose gel electrophoresis. L. lactis plasmid DNA was isolated by the method of Anderson and McKay (1). E. coli plasmid DNA was isolated by the alkaline lysis procedure (22) or the rapid boiling method (15) . Plasmid DNA was purified by cesium chloride-ethidium bromide density gradient centrifugation and desalted as described previously (21) . Restriction digests were conducted as described by Maniatis et al. (22) . Agarose gel electrophoresis was performed through 0.6 to 1.5% agarose gels in Tris-acetate buffer (pH 8.0; 22) at 4 V/cm, followed by staining in ethidium bromide (0.5 ,ug/ml).
Polyacrylamide gel electrophoresis and silver staining. An 8% polyacrylamide gel was prepared as described by Maniatis et al. (22) Subcloning fragments of pGBK17. Two methods of subcloning were used. To form deletion derivatives pMN1 through pMN9 (see Fig. 1 ), pGBK17 was digested with the enzyme necessary to remove the fragment(s) to be deleted, the mixture was self-ligated, and the DNA was transformed into L. lactis LM0230. Emr transformants were selected, and deletion derivatives were identified by restriction analysis of the plasmid DNA. Subclones pMN10 through pMN12 (see Fig. 1 Bacteriophage assays. L. lactis transformants were screened for sensitivity to small isometric-headed phage skl (14) and to prolate-headed phage c2 (16) as previously described, with plaque assays (10) . The presence of an R/M system (R+/M+) was evaluated as described by Kruger and Bickle (20) and by Pearce (27) . Bacteriophages skl and c2 were first purified from single plaques and propagated on the R-/M-homologous host L. lactis LM0230 (14) to obtain high-titer lysates. EOP on test strains was determined as described previously (10) . A single plaque from the cell lawns of the test strain was then picked and propagated on the test strain in phage broth (33) to obtain high-titer lysates. The EOP of this lysate on various hosts was used to assess R/M activity in the original test strain. Loss of a modification was determined by allowing the phage to form plaques on the desired host after propagating it through R-/M-L. lactis LM0230. Modified phages were designated by suffixes indicating the last host for propagation, for example, skl.LM0230.GBK17.
RESULTS
Restriction mapping of the 19-kb HpaII insert. To facilitate deletion and subcloning of fragments that may affect reduced phage sensitivity, a map of the 19-kb HpaII fragment of pKR223 was constructed (Fig. 1) . Instead of 17 kb, as originally reported (21), the size of the HpaII insert appeared to be 19 kb.
Operation of an R/M system in GBK17 active against phage skl but not phage c2. To determine whether the 19-kb HpaII fragment in pGBK17 encoded an R/M system active against phage skl, the phage was propagated on L. lactis LM0230 after a single plaque was picked from this host. Phage skl propagated on LM0230 showed a modest EOP of 0.05 when allowed to form plaques on L. lactis GBK17 (Table 1) . Phage picked from the plaques formed on GBK17 was not restricted by GBK17 or JK301, and EOPs of 1.0 and 1.1, respectively, were obtained. However, after propagation of skl.GBK17 on JK301, the phage again showed a low EOP of 0.02 on GBK17. These results suggest that an R/M system is involved in retarding phage skl development on GBK17.
The results obtained with strains JK301 and GBK17 and phage c2 ( Table 2 ) initially suggested that the skl R/M system in GBK17 was also active against phage c2. However, this result was complicated by the fact that GBK17 is R+/M+ Abi+. To circumvent this problem, R+/M+ Abistrain MN1 ( Fig. 1 ) was used to assess restriction activity against phage c2. The results (Table 2 ) indicated that phage c2 was not restricted by MN1. Furthermore, phage propagated through MN1 still exhibited the reduced EOP on GBK17. Phage picked from MN1 plaques, propagated through R-/M-JK301, and then allowed to form plaques on MN1 also was not restricted (EOP, 1.0). These results imply that phage c2 is not restricted by the skl R/M system and that the reduced EOP on R+/M+ Abi+ GBK17 observed for phage c2 is due to the Abi+ phenotype.
Location of separate genetic loci for reduced sensitivity to phages c2 and skl on the 19-kb HpaII fragment. EcoRI cleaved pGBK17 into detectable fragments of 19.8, 6.3, 1.5, and 1.3 kb, the largest of which contained the vector pGB301. Deletion derivatives were made by digesting pGBK17 with EcoRI, religating it, and transforming it into L. lactis LM0230. Emr transformants were then screened for sensitivity to phages c2 and skl. All isolates except one (MN1) were sensitive to both phages at levels observed for hosts lacking the 19-kb HpaII insert. MN1, however, retained restrictive activity toward phage skl (Table 1) but lost the reduced sensitivity to phage c2. The c2 plaques formed on GBK17 were translucent and pinpoint to 0.5 mm in diameter, in contrast to the clear plaques formed on JK301 and MN1, which were 0.5 to 3 mm in diameter (Fig. 2) .
To confirm that the plasmid in MN1 was responsible for the reduced sensitivity to phage skl, pMN1 was both cured from MN1 and transformed into LM0230. Cured acquired the plasmid gained resistance to the phage (data not shown). To correlate particular restriction fragments with phage resistance phenotypes, plasmid DNAs from transformants MN1(pMN1), MN2(pMN2), MN3(pMN3), MN5(pMN5), and MN6(pMN6) were isolated and cleaved with various restriction enzymes to determine the EcoRI fragments present and their orientations (Fig. 1) . As expected, all contained the 19.8-kb EcoRI fragment encompassing the vector pGB301. Plasmid pMN1 lacked the 1.5-and 1.3-kb EcoRI fragments but possessed the 6.3-kb EcoRI fragment in the same orientation as in pGBK17. Plasmid pMN2 also lacked the two small EcoRI fragments and contained the 6.3-kb EcoRI fragment in the orientation opposite to that of pGBK17. The plasmid from MN3 lacked the 6.3-, 1.5-, and 1.3-kb EcoRI fragments. pMN5 contained the 6.3-and 1.5-kb fragments in the parental position and orientation. The plasmid from MN6 resembled pMN2, except for the presence of the 1.5-kb fragment in pMN6.
The loci responsible for phage skl and c2 resistances were further localized by developing additional deletion derivatives. An XbaI deletion of pGBK17 (Fig. 1, pMN8) resulted only in loss of resistance to phage c2. The restrictive activity against phage skl was retained. Deletion of the 6.0-kb SphI fragment from pGBK17, as in MN7, did not affect the phage resistance mechanisms exhibited against phage c2 or skl but did eliminate the Cmr phenotype (Fig. 1) . Deletion of the HaeIII region (Fig. 1, pMN9 ) resulted in full sensitivity to both phage types. Analysis of the deletion derivatives and their corresponding c2 and skl phage resistance phenotypes suggested that a genetic locus responsible for resistance to phage c2 is located in the region of the 1.5-and 1.3-kb EcoRI fragments, since loss of one (MN5) or both (MN1) of these fragments coincided with loss of c2 resistance (Fig. 1) . Regarding the locus that determines the restriction activity against phage skl, restriction activity against phage skl was functional if the 6.3-kb EcoRI fragment was in the parental orientation, as in pMN1, but not if the fragment was inverted, as in pMN2 and pMN6 (Fig. 1) . The exception, pMN5, is discussed below. Moreover, restriction activity was lost upon deletion of the 6.3-kb EcoRI fragment, as in pMN3, or the HaeIII fragment, as in pMN9, but was maintained in XbaI deletion derivative pMN8 (Fig. 1) . Since all transformants resistant to phage skl have the EcoRI site within EcoRV fragment 7 intact, while this site is disrupted in all skl-sensitive transformants, the locus for restriction activity against phage skl must lie in the region of the EcoRI site within fragment 7 of the EcoRV digest (Fig. 1) .
Based on the above-described information and the restriction map presented in Fig. 1 , attempts to clone the region believed to be responsible for Abi+ in response to phage c2 were initiated. MN1O(pMN10), MN11(pMN11), and MN12(pMN12) are transformants containing the BstEIISphI, HaeIII-SphI, and XbaI-SphI restriction fragments of pGBK17, respectively (Fig. 1) . However, all three transformants exhibited full sensitivity to phage c2.
Analysis of the R-phenotype in MN5. Although the EcoRI site of EcoRV fragment 7 appeared to be intact in pMN5, MN5 was R-. Several restriction digestions were conducted to search for a previously undetected difference among pMN5, pMN1, and pGBK17 in the region of the restriction (r) gene. Restriction digestions with EcoRI showed no detectable difference among these three clones, even when electrophoresed through a high-percentage (1.5%) agarose gel or when large amounts of DNA were used to detect previously undetected small fragments (data not shown). However, an EcoRV digest appeared to indicate a slight increase in the size of EcoRV fragment 7 in pMN5 (data not shown). To verify and further localize this difference, the three plasmids were subjected to double digestion with EcoRV and BstEII. The results are shown in Fig. 3 . BstEII cuts EcoRV fragment 7 into 1.65-and 1.0-kb fragments (Fig.  3, lanes 1 and 2) . Although the 1.0-kb fragment was present in all three plasmids, the 1.65-kb fragment was missing in pMN5 (lane 4). Instead, an additional 1.7-kb fragment was present. Therefore, EcoRV fragment 7 of pMN5 appeared to contain approximately 50 base pairs (bp) of additional DNA located within the EcoRV-BstEII subfragment containing the EcoRI site (Fig. 1) . The most likely explanation for the source of the additional DNA was that the original clone, pGBK17, contained an undetected EcoRI fragment of approximately 50 bp which was ligated into the EcoRI site of EcoRV fragment 7 during formation of the deletion derivatives. To verify this, the plasmids were digested with EcoRI and electrophoresed on a polyacrylamide gel. pGBK17 contained a previously undetected 64-bp fragment which was also present in pMN5 but was missing from pMN1 (Fig. 4) . Therefore, the R-phenotype of pMN5 appeared to be due to the presence of a 64-bp EcoRI fragment ligated to the EcoRI site in EcoRV fragment 7 Identification of modification activity independent of restriction activity. By propagating phage skl on various hosts and allowing it to form plaques on R-/M-JK301 and R+/M+ GBK17, it was possible to assess whether the phage had been modified during growth through the restrictive host. When phage skl was propagated through JK301 (skl.JK301), the EOP was reduced on GBK17 and MN1 but not on MN2, MN3, or MN10 (Table 1) . Phage picked from the plaques formed on MN1 (skl.MN1) was not restricted by JK301 or GBK17. After sklMN1 was propagated on JK301, the phage again had a low EOP of 0.02 on GBK17. This indicated that pMN1, like pGBK17, encoded an R+/M+ phenotype. Phage picked from plaques formed on MN2 (skl.MN2) or MN10 (skl.MN10) was not restricted by JK301 or GBK17. Since GBK17 is R+, these observations suggested that even though skl.JK301 was not restricted by growth on MN2 or MN10, it had been modified. This was supported by showing that after skl.MN2 or skl.MN10 was grown on JK301, the phage was again restricted on GBK17, as indicated by EOPs of 0.01 and 0.02, respectively (Table  1) . These results revealed that pMN2 and pMN10 possessed an R-/M+ phenotype. On the basis of the results presented in Table 1 , it was concluded that pMN3, present in MN3, possessed an R-/M-phenotype, since the skl.JK301 phage was not restricted on MN3, yet phage picked from plaques grown on MN3 (skl.MN3) was restricted on GBK17 but not on JK301. The R/M phenotypes of the strains used in this study are listed in Fig. 1 . Of the deletion derivatives and subclones examined, MN1, MN2, MN5, MN6, MN7, MN8, and MN10 were able to modify phage skl, but MN1, MN7, and MN8 were the only hosts also able to restrict the phage. Hosts MN3, MN9, MN11, and MN12 were unable to restrict or modify phage skl.
Location of the genetic locus for modification activity. On the basis of the R/M phenotypes of the GBK17 derivatives and the restriction maps of the altered pGBK17 plasmids in the various hosts (Fig. 1) , the genetic region responsible for modifying phage skl was localized. MN1 was R+/M+ and had the 6.3-kb EcoRI fragment on pMN1 oriented as in the parental plasmid, pGBK17, which was also R+/M+ (Fig. 1) . MN2 was R-/M+ and had the 6.3-kb fragment in the orientation opposite to that of pGBK17 and pMNi. Total EcoRI deletion of pGBK17, as in MN3, resulted in an R-/M-phenotype. These results suggested that the modifying gene(s) is located on the 6.3-kb EcoRI fragment. Furthermore, since MN8 was R+/M+ and contained only a 2.5-kb EcoRI-Xbal segment of the 6.3-kb EcoRI fragment and MN10 was R-/M+ and shared only the 1.75-kb BstEII-XbaI fragment of the 6.3-kb EcoRI fragment with MN8, the M+ phenotype appeared to be dependent on the presence of the 1.75-kb BstEII-XbaI fragment (Fig. 1) .
Insertional inactivation of Abi against phage c2. During subcloning of pGBK17 restriction fragments and use of pGBK17 DNA as a positive control for transformation efficiency, it was noticed that transformants containing pGBK17 were of two phage sensitivity types. One type was phenotypically identical to the parental strain GBK17 and expressed reduced sensitivity to both phages c2 and skl. The second type had lost c2 phage resistance but retained the parental resistance to phage skl.
To determine whether a deletion in pGBK17 DNA was responsible for the Abi-phenotype against phage c2, plasmid pMN14 from a c2-sensitive transformant was restricted with EcoRI. The restriction pattern of pMN14 appeared to be identical to that of pGBK17 (data not shown). However, restriction of pMN14 with EcoRV, which cuts the 19-kb HpaII insert of pGBK17 into seven fragments (Fig. 1) , revealed a new 3.3-kb EcoRV fragment and loss of the 1.9-kb fragment (EcoRV fragment 5 of pGBK17) (Fig. 5) .
To determine the basis for the apparent increase in size of EcoRV fragment 5, additional restriction digestions of pGBK17 and pMN14 were performed. Since no difference between the EcoRI digests of the two plasmids was observed, it was suspected that the insertion had occurred in the portion of the 19.8-kb EcoRI fragment that overlaps EcoRV fragment 5 (Fig. 1) ) . Therefore, the DNA insertion in pGBK17 was concluded to be 1.2 to 1.4 kb and to have occurred in the 1.1-kb EcoRI-EcoRV fragment common to EcoRV fragment 5 and the 5.8-kb HpaII-EcoRI fragment (Fig. 1) .
To further characterize the insertion, additional restriction digestions of both plasmids were performed. These digestions revealed that pMN14 contained an additional 0.7-kb XbaI fragment and an additional 0.7-kb HaeIII fragment, both mapping within the 1.1-kb EcoRI-EcoRV fragment (Fig. 6) . Therefore, conversion of pGBK17 from reduced sensitivity to full sensitivity to phage c2 appeared to be the result of insertion of a DNA sequence containing two XbaI and two HaeIII sites into the 1.1-kb EcoRI-EcoRV fragment. These restrictions also confirmed that the size of the insert was 1.2 to 1.3 kb.
DISCUSSION
The 19-kb HpaII fragment subcloned from pKR223 in L. lactis KR2 codes for genes responsible for an R/M system effective against the small isometric-headed phage skl (this study) and for an Abi+ phenotype effective against prolateheaded phage c2 (21 55, 1989 the species of infecting phage and to the length of the phage genome. The level of phage restriction has been shown to correlate with the estimated genome size of the infecting phage (17) . Since prolate-headed phages have smaller genomes than small isometric-headed phages (17) , the absence of R/M activity against phage c2 by pGBK17 could be explained by absence of appropriate target sites for the enzyme.
As indicated by Sanders (30) , all curing and conjugation data on known lactococcal R/M plasmids support the linkage of both restriction and modification activities to the same plasmid. This is further supported by the cloning of a 19-kb HpaII fragment from pKR223 which contained genes for an R/M system. In addition, it was found that modification activity could be expressed without restriction expression and that the genetic loci for modification activity appear to reside on a 1.75-kb BstEII-XbaI fragment.
The EOP of phage c2 on GBK17 was determined to be 0.1 compared with that on JK301 ( Table 2) . One-step growth experiments of phage c2 on GBK17 and JK301 (21) revealed that the number of infective centers obtained at zero time on GBK17 was less than 10% of the number obtained on JK301, although both strains adsorbed more than 90% of the input phages. In addition, it was found that the burst sizes per infective center were 46 in GBK17 cells and 108 in JK301 cells. The latent period was about the same with both types of cells. These results indicated that phage c2 could produce progeny phage, to a limited extent, in only a small fraction of infected GBK17 cells. These results, coupled with the absence of an R/M system effective against phage c2 (this study; 21), are consistent with the operation of an abortive phage c2 infection process. The reason(s) for the absence of the Abi+ phenotype in MN10, MN11, and MN12 is unknown. Since MN7 was Abi+, it is possible that expression of abi genes requires sequences upstream of the modification gene. We also found that insertion of a putative insertion sequence resulted in loss of the Abi+ phenotype against phage c2. The properties of this insertion sequence and its origin are being investigated.
Klaenhammer and Sanozky (18) were the first to demonstrate abortive infection in lactococci when they found that pTR2030 from L. lactis ME2, when conjugally transferred to L. lactis LM0230, limited the burst size and plaque size of phage c2 without affecting the EOP or level of adsorption. It was subsequently found that these transconjugants were unable to replicate small isometric-headed phages (16) . In contrast to pTR2030-containing strains, pNP40 from L. lactis DRC3 completely inhibited the plaque-forming ability of phage c2 at 30°C, although the phage exhibited normal adsorption (23) . The small isometric-headed phage skl exhibited a 10-4 reduction in EOP (unpublished data). It is unknown whether the latter resistance conferred by pNP40 was due to abortive infection.
It has become evident that plasmid-encoded abortive infection among lactococci is widespread (2, 6, 10, 12, 17, 18, 25) . Cloning of DNA fragments that determine abortive phage infection in lactococci has also been initiated (17, 21, 31) . As indicated by Sanders (30) , one of the most significant observations about these abortive-infection phenotypes is that their total phage resistance is conferred in some host backgrounds. Others, however, like pTR2030 and pGBK17 when present in an L. lactis LM0230 background, conferred no reduction in EOP or a modest reduction of about 0.1 when phage c2 was used.
These results for abortive infection in lactococci are similar to those described for E. coli. For example, the presence of plasmid CloDF13 in E. coli resulted in an abortive infection that did not affect the EOP of the phage but did affect phage multiplication, resulting in decreased burst size and altered plaque morphology (28) . An EOP of 0.1 for phage Ti on E. coli containing pSD274 was due to an abortive infection (32) . In E. coli carrying the colicin lb plasmid, infection by phage BF23 is abortive and results in the inability of BF23 to form plaques (26) . The reported EOP was due to the appearance of mutant phage. Infection of E. coli cells carrying the F plasmid by phage T7 is abortive and results in an EOP of 0.1 compared with that of E. coli without F (24) . The plaques that formed in the presence of F were pinpoint. The genetic loci on F responsible for the abortive outcome of T7 infection have already been characterized (5, 24, 29) , and it is interesting that when operatortype mutations were isolated such that the negative regulatory protein could not function, the EOP of T7 decreased to 7 x 10-4 (24) .
The modest plasmid-mediated abortive infection process exhibited by some lactococci appears to be of little value from a commercial standpoint. However, if the molecular bases of abortive infection in lactococci and E. coli are similar, regulatory mutants isolated from these lactococci, as in E. coli, could serve as an additional means of developing phage-resistant strains for milk fermentation processes. Other methods being examined include direct selection by challenging a sensitive host with lytic phage (6), use of conjugal transfer systems (17, 30) , and use of recombinant DNA techniques (30) .
